The sorting determinants of glycinin, a soybean (Glycine max) 11S globulin, which mediates protein targeting to the protein storage vacuole (PSV), were investigated in maturing soybean cotyledons by transient expression assays. A C-terminal stretch of 10 amino acids of A1aB1b, a glycinin group I subunit, was sufficient to direct green fluorescent protein (GFP) to the PSV. This peptide may correspond to a C-terminal vacuolar sorting determinant (ctVSD). Because functional inhibition of this putative ctVSD of A1aB1b did not block PSV sorting of A1aB1b, we used the three-dimensional structure of A1aB1b to identify candidates for a sequence-specific determinant (ssVSD). We found that the sequence downstream of disordered region 4 could direct GFP to the PSV and that Ile-297 is critical for sorting. However, functional inhibition of the ctVSD, combined with the Ile297Gly mutation, did not abolish the vacuolar sorting of A1aB1b, suggesting that A1aB1b has a third sorting determinant in addition to ctVSD and ssVSD. A glycinin group II subunit, A3B4, lacked a ctVSD but contained a VSD reminiscent of an ssVSD and an additional sorting determinant. We also demonstrate, by expression of dominant negative mutants of small GTPases and drug treatment experiments, that the trafficking of A1aB1b is COPII vesicle-dependent and wortmannin-and brefeldin A-sensitive.
INTRODUCTION
Plant cells contain multiple vacuoles, some of which have storage or digestive functions. Leaf tissues mainly possess lytic vacuoles containing proteases that contribute to cellular protein turnover. Lytic vacuoles are present in immature pea (Pisum sativum) cotyledon cells, but during maturation they are replaced by protein storage vacuoles (PSVs) (Hoh et al., 1995) . Vacuoles can be defined by the presence of specific tonoplast intrinsic proteins (TIPs): a-TIP is associated with the PSV, whereas g-TIP is found in lytic or degradative vacuoles (Paris et al., 1996) . TIPs are also found in various combinations in a single vacuole (Jauh et al., 1998 (Jauh et al., , 1999 .
Secretory proteins destined to be transported to plant vacuoles must possess a vacuolar sorting determinant (VSD). VSDs are classified into three types: the sequence-specific VSD (ssVSD), the C-terminal VSD (ctVSD), and the physical structure VSD (psVSD) (Matsuoka and Neuhaus, 1999; Vitale and Raikhel, 1999) . The ssVSDs contain a conserved NPIRL-like motif. The ctVSDs are present in the C-terminal regions of polypeptides and are often rich in hydrophobic amino acids. However, their lengths and sequences are highly variable. Little information has been obtained about the psVSDs. In the case of 11S globulin legumin from field bean (Phaseolus vulgaris), the psVSD is postulated to comprise surface patches on the molecular surface resulting from the folding of polypeptides (Saalbach et al., 1991) .
The seed storage proteins of soybean (Glycine max) are composed mainly of glycinin, an 11S globulin, and b-conglycinin, a 7S globulin. Glycinin accounts for ;40% of total seed protein and has a hexameric structure with a molecular mass of 300 to 380 kD (Utsumi, 1992) . The five major subunits of glycinin have been identified and classified into two groups according to their amino acid sequences (group I: A1aB1b, A1bB2, and A2B1a; group II: A3B4 and A5A4B3). Each subunit is composed of an acidic polypeptide with a molecular mass of ;32 kD and a basic polypeptide with a molecular mass of ;20 kD. The acidic and basic polypeptides are linked by a disulfide bond. The sequence identity within each group is ;80%, and that between groups is ;45%.
In soybean cotyledon cells, the constituent subunits are synthesized as a single polypeptide precursor, preproglycinin. The signal sequence is removed cotranslationally in the endoplasmic reticulum (ER), and the resultant proglycinin assembles into trimers. Proglycinins are sorted to the PSV. After a specific posttranslational cleavage occurs between Asn and Gly residues, a mature hexameric structure is formed. We previously determined the three-dimensional structures of a proglycinin A1aB1b homotrimer and a mature glycinin A3B4 homohexamer (Adachi et al., , 2003 .
Recently, we revealed that the C-terminal 10 amino acids of the b-conglycinin a9 and b subunits are essential for sorting to the PSV in stably transformed Arabidopsis thaliana seeds and in a transient expression assay using maturing soybean cotyledons 1 To whom correspondence should be addressed. E-mail sutsumi@ kais.kyoto-u.ac.jp; fax 81-774-38-3761. The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantcell.org) is: Shigeru Utsumi (sutsumi@kais.kyoto-u.ac.jp). Article, publication date, and citation information can be found at www.plantcell.org/cgi/doi/10.1105/tpc.105.036376. (Nishizawa et al., 2003 . These C-terminal regions are exposed on the molecular surface, as determined by threedimensional structures of the b subunit (Maruyama et al., 2001) and the core region of the a9 subunit . Conversely, the VSDs of glycinin remain unclear. It is difficult to examine VSDs of glycinin in seed cells, because seeds in most plant species contain endogenous 11S globulin, which can form hybrid molecules with expressed derivatives. Recently, mutant soybean lines with storage protein compositions different from that of the wild type have been developed (Yagasaki et al., 1997; Takahashi et al., 2003) . A glycinin-null line has also been developed. We can use this null line to examine the VSDs of glycinin in soybean seeds.
Here, we show that the C-terminal 10 amino acids of A1aB1b are sufficient for sorting to the PSV in a glycinin-null line and that this determinant likely functions as a ctVSD. We searched for additional candidates for VSDs based on the three-dimensional structure of A1aB1b and examined whether they could work as an ssVSD, because A1aB1b fused to green fluorescent protein (GFP) at its C terminus was partially sorted to PSVs. Among such candidates, the sequence downstream of disordered region 4 was able to direct a reporter protein to the PSV, and an Ile residue (Ile-297) in this sequence was critical for sorting to the PSV. However, the simultaneous inhibition of the function of both the ctVSD and the ssVSD could not completely abolish the vacuolar sorting of A1aB1b, suggesting that A1aB1b has an additional sorting determinant. A3B4, one of the group II subunits, lacked a ctVSD but contained additional unidentified VSDs as well as the ssVSD.
RESULTS
The C-Terminal 10 Amino Acids of A1aB1b Are Sufficient for Sorting a Reporter Protein to the PSV The last 10 amino acids (PQESQKRAVA) at the C terminus of A1aB1b, a group I subunit, are located on the molecular surface . The ctVSDs of plant vacuolar proteins are often rich in hydrophobic amino acids, and their lengths and sequences are highly variable (Matsuoka and Neuhaus, 1999) . Therefore, we first analyzed whether the C-terminal 10 amino acids of A1aB1b are sufficient to direct a reporter protein to the PSV. Previously, we developed a transient expression assay system using particle bombardment of maturing soybean cotyledons. We used GFP modified by adding four contiguous Gly (GGGG) residues to its C terminus (mGFP) as a reporter in the characterization of the VSD of b-conglycinin, another major soybean seed storage protein (Nishizawa et al., 2003 . This C-terminal modification of GFP is essential, because the C-terminal region of GFP works weakly as a ctVSD (Nishizawa et al., 2003 ) and a stretch of contiguous Gly residues was reported to inhibit the function of barley (Hordeum vulgare) lectin ctVSD (Dombrowski et al., 1993) . As a control, we constructed a gene for a fusion protein that consists of the A1aB1b signal peptide and mGFP, and we introduced this plasmid into maturing soybean cotyledon cells by particle bombardment. In the cells expressing mGFP, fluorescence was detected in the nucleoplasm and/or the cytosol (data not shown). This was surprising because, in general, proteins having no VSDs are secreted to intercellular space (ICS). When we expressed a fusion protein that consists of the b-conglycinin signal peptide and mGFP, fluorescence was detected in the ICS (Nishizawa et al., 2003 . Thus, we considered that the signal peptide of A1aB1b was not fully functional at the N terminus of mGFP and therefore mGFP might inefficiently penetrate into the ER. Previously, we determined the three-dimensional structure of A1aB1b and demonstrated that six disordered regions exist . Among these regions (1, 2, 3, 39, 4, and 5) , the first (disordered region 1) is positioned at the N terminus and consists of nine amino acids. We constructed a gene for a fusion protein that consists of the signal peptide and nine N-terminal amino acids (disordered region 1) of A1aB1b fused to mGFP (dis1þGFP; Figure 1A ). Both the tobacco (Nicotiana tabacum) chitinase and the barley lectin ctVSDs can direct the reporter proteins to the PSV (nonacidic vacuole) (Paris et al., 1996; Di Sansebastiano et al., 1998) . GFP fused to the lectin ctVSD (GFP:lectin) and monomeric red fluorescent protein (mRFP) fused to the chitinase ctVSD (mRFP:chitinase) were colocalized in maturing soybean cotyledon cells (Figure 2A ). Therefore, dis1þGFP was coexpressed with mRFP:chitinase (a PSV marker) in maturing soybean cotyledon cells. In cells expressing both dis1þGFP and mRFP:chitinase, dis1þGFP was detected in a reticular structure reminiscent of the ER as well as the ICS (some cells exhibited fluorescence only in the ICS), whereas mRFP:chitinase was observed only in the PSV ( Figure 2B ). This finding indicates that disordered region 1 of A1aB1b does not have a VSD. When dis1þGFP was appended to the C-terminal 10 amino acids of A1aB1b (dis1þGFP-CT10), fluorescence was clearly detected in the PSV in all cells expressing dis1þGFP-CT10, and several small puncta were also detected in some cells expressing dis1þGFP-CT10 ( Figures 1B and 2C ). The patterns of dis1þGFP-CT10 and mRFP:chitinase completely overlapped, indicating that the C-terminal 10 amino acids of A1aB1b can direct mGFP to the PSV. Furthermore, we appended six Gly residues to the C terminus of dis1þGFP-CT10 (dis1þGFP-CT10þGly; Figure 1C ) and introduced this construct into maturing cotyledon cells, because the vacuolar sorting function of ctVSDs is blocked by the addition of contiguous Gly residues. Fluorescence was observed in the ICS but not in the PSV (Figure 2D ), indicating that the C-terminal 10 amino acids of A1aB1b work as a ctVSD.
A1aB1b Contains a Second Sorting Determinant in Addition to the ctVSD
We examined whether or not the C-terminal 10 amino acids were necessary for the sorting of A1aB1b to the PSV. If a truncated glycinin subunit lacking a VSD is expressed in seeds of normal soybean lines, it can assemble with endogenous glycinin subunits and is sorted to the PSV by the VSD of the endogenous glycinin subunits. Thus, it is impossible to analyze the sorting ability of truncated glycinin in seeds of normal soybean lines. Recently, mutant soybean lines lacking glycinin have been developed (Yagasaki et al., 1997; Takahashi et al., 2003) . Previously, we analyzed the trafficking of storage proteins to the PSV in the seeds of this glycinin-null line by immunoelectron When the reporter proteins were secreted to the ICS, we observed fluorescence in the reticular structure reminiscent of the ER in addition to the ICS. microscopy and showed that these cells have a normal transport system to the PSV (Mori et al., 2004) . Thus, we examined the sorting of A1aB1b fused at its C terminus with mGFP (GFP modified by adding four contiguous Gly residues to its C terminus) in maturing cotyledon cells of the glycinin-null line (A1aB1bGFP; Figure 1U ). We anticipated that the fusion of mGFP to the C terminus of A1aB1b would disrupt deposition in the PSV, because it is essential that ctVSDs are located at the C terminus (Matsuoka and Neuhaus, 1999; Vitale and Raikhel, 1999) . In most cells in which fluorescence was detected, it was observed in both the PSV and the ICS. Approximately 30 to 50% of total fluorescence in a single cell exists in the ICS ( Figure 2E ). These results suggest that although the C-terminal 10 amino acids of A1aB1b are necessary for efficient sorting to the PSV, A1aB1b contains an additional sorting determinant other than the ctVSD, one that can contribute some vacuolar sorting function.
Multiple Sorting Determinants Exist in A1aB1b
Disordered region 5 is contained within the C-terminal 10 amino acids, which can work as a VSD. The other disordered regions are prime candidates for a second VSD that would act through interaction with a receptor, because they are located on the molecular surface and have flexible structures. The region of A3B4 corresponding to disordered region 39 of A1aB1b is not disordered (Adachi et al., 2003) . Thus, we examined whether or not additional VSDs exist in disordered regions 2, 3, and 4. Castor bean (Ricinus communis) 2S albumin and ricin have ssVSDs located on prolinker regions (Brown et al., 2003) . Characterization of the NPIRL-like motif contained within the ssVSD of sweet potato (Ipomoea batatas) sporamin in tobacco BY2 cells (Matsuoka and Nakamura, 1999) indicated that the Ile residue in this motif can be replaced only with the Leu residue, whereas other residues are comparatively exchangeable. Similarly, Leu in the prolinker region of castor bean 2S albumin is critical for its vacuolar sorting (Brown et al., 2003; Jolliffe et al., 2003) . These reports indicate that an Ile or Leu residue located on the molecular surface may play an important role in vacuolar sorting. Therefore, we searched for Leu or Ile residues located on the molecular surface using the three-dimensional structure of A1aB1b (Figure 3) . Twelve Leu or Ile residues on the molecular surface were found (indicated by boxed letters in Figure 3 ). However, one of these, Leu-371, which is flanked by residues Ala-370 and Ile-372, has a buried side chain and therefore is unlikely to interact with a receptor. Thus, we tested the potential role of the 11 remaining Leu and Ile residues positioned on the molecular surface as VSDs ( Figures 1K to 1R ). We also tested the ability of each of the disordered regions to function as a VSD ( Figures 1D to 1J ). We used mGFP fused to the A1aB1b signal peptide and disordered region 1 at the N terminus (dis1þGFP) as a reporter to analyze the sorting ability of additional regions. To exclude the possibility that these sequences might function as ctVSDs, we added six contiguous Gly residues to the C terminus of each construct. In most constructs, fluorescence was observed only in a reticular structure reminiscent of the ER and the ICS (Figure 1 ). However, in the case of dis1þGFP appended to disordered region 4 and two adjacent regions, KGGLSVIKP and ICTMRL, which correspond to the N-and C-terminal extensions, respectively, of disordered region 4 (dis1þGFP-ext dis4), we observed fluorescence in the PSV as well as the ICS and the intracellular reticular structure ( Figure 4A ). Furthermore, we examined the sorting ability of the isolated SVIKP sequence (dis1þGFP-SVIKP), disordered region 4 (dis1þGFP-dis4), and disordered region 4 fused to the ICTMR peptide (dis1þGFP-dis4þICTMR). Both dis1þGFP-SVIKP and dis1þGFP-dis4 were secreted to the ICS ( Figures 4B and 4C) , whereas the fluorescence of dis1þGFP-dis4-ICTMR was detected in the PSV as well as the ICS and the internal reticular structures ( Figure 4D) . Interestingly, the sorting ability of dis1þGFP-dis4-ICTMR was almost completely abolished by the replacement of Ile in the sequence ICTMR with Gly (dis1þGFP-dis4þGCTMR; Figures 1J  and 4E ). Thus, Ile in dis1þGFP-dis4-ICTMR is critical for directing mGFP to the PSV, and this sequence might work as a VSD reminiscent of an ssVSD.
Next, we examined whether or not the mutation of this critical Ile residue downstream of disordered region 4 affected the sorting ability of A1aB1b fused at its C terminus with mGFP (A1aB1bGFP/I297G, Figure 1V ). Fluorescence was observed in both the PSV and the ICS ( Figure 4F ), similar to the case with A1aB1bGFP ( Figure 2E ). Thus, the contribution of this putative ssVSD to the vacuolar sorting of A1aB1b is low, and yet another VSD in addition to the ctVSD and the ssVSD likely exists in A1aB1b.
Both Recombinant A1aB1b Fused to mGFP at Its C Terminus and Its Derivative Can Fold Correctly
Previously, we showed that truncated a9 and a subunits (a9 and a core regions) of b-conglycinin (Maruyama et al., 1998) and the modified proglycinin A1aB1b (Katsube et al., 1994) can fold correctly when expressed in Escherichia coli and that such proteins can fold correctly in transgenic rice (Oryza sativa) (Katsube et al., 1999) and Arabidopsis (Nishizawa et al., 2003) seeds. Thus, we believe that E. coli expression systems can be used to judge whether or not truncated proteins are likely to fold correctly in soybean seed cells. If A1aB1bGFP and its derivative can fold correctly in the E. coli expression system, we can rule out potential sorting defects arising from the conformational defects that might be induced by fusion with mGFP. First, we expressed A1aB1bGFP and A1aB1bGFP/I297G in E. coli Origami(DE3). Both A1aB1bGFP and A1aB1bGFP/I297G were expressed in E. coli and were almost completely soluble (data not shown). To confirm correct folding, we then analyzed their selfassembly and fluorescence arising from GFP chromophores. Extracts produced by sonication were applied to a Sephacryl S-300 HR gel filtration column, and fractions were analyzed by immunoblotting using anti-glycinin serum ( Figure 5A ). The peaks of recombinant A1aB1bGFP and A1aB1bGFP/I297G were detected in fractions 10 to 12 (the elution time of fraction 11 was ;112.5 min). Under the same conditions, purified mature glycinin (hexamer; ;320 kD) and proglycinin A1aB1b (trimer; column indicate that A1aB1bGFP and A1aB1bGFP/I297G selfassembled into trimers. Finally, we compared the fluorescence profiles of the GFP chromophores of A1aB1bGFP and A1aB1bGFP/I297G in fraction 11 with that of GFP ( Figure 5B ). The excitation and emission spectra of fraction 11 containing A1aB1bGFP or A1aB1bGFP/I297G were almost identical to those of GFP reported previously (Heim et al., 1994) . Thus, GFP and A1aB1b in A1aB1bGFP and A1aB1bGFP/I297G folded properly, and the fusion proteins self-assembled into trimers similarly to proglycinin in E. coli. These results imply that A1aB1bGFP and A1aB1bGFP/I297G are likely to fold correctly in maturing soybean cotyledon cells in our transient assay. Therefore, we consider it credible that A1aB1bGFP/I297G was sorted to the PSV via a third determinant.
A3B4, a Group II Subunit, Also Has Multiple Sorting Determinants
Previously, we determined the three-dimensional structure of A3B4, a group II subunit, and demonstrated that the overall structure of A3B4 is very similar to that of A1aB1b (Adachi et al., 2003) . However, the sequence corresponding to the ctVSD of A1aB1b (PQESQKARAVA) does not exist in A3B4, and only a C-terminal Pro residue is exposed on the molecular surface. Nonetheless, A3B4 is correctly sorted to the PSV in seeds of the soybean group I and A5A4B3 null lines (only A3B4 exists as a glycinin subunit) (Mori et al., 2004) , suggesting that A3B4 has a VSD distinct from a ctVSD. First, to confirm this, we examined the sorting ability of A3B4 fused at its C terminus with mGFP Confocal images of maturing soybean cotyledon cells expressing dis1þGFP-ext dis4 and mRFP:chitinase (A), dis1þGFP-SVIKP and mRFP:chitinase (B), dis1þGFP-dis4 and mRFP:chitinase (C), dis1þGFP-dis4þICTMR and mRFP:chitinase (D), dis1þGFP-dis4þGCTMR and mRFP:chitinase (E), and A1aB1bGFP/I297G and mRFP:chitinase (F). V, PSV. Bars ¼ 10 mm.
(A3B4GFP, Figure 1W ). Although the fluorescence of A1aB1bGFP was detected in the PSV and the ICS ( Figure 2E ), we observed fluorescence of A3B4GFP only in the PSV and not in the ICS ( Figure 6A ). Next, we investigated whether or not the region of A3B4 that corresponds to disordered region 4 appended to the sequence ICTMR of A1aB1b contains a VSD (dis1þGFP-A3B4dis4þICTMK, Figure 1S ). Fluorescence was detected in the PSV as well as in an internal reticular structure reminiscent of the ER ( Figure 6B ). It seems that the rate for PSV sorting of dis1þGFP-A3B4dis4þICTMK was slower than that of dis1þGFP-dis4-ICTMR ( Figure 1I ). This difference in rate might be attributable to the difference in the sequence. Furthermore, we confirmed that the replacement of the Ile residue (the 326th residue from the N terminus of A3B4) in dis1þGFP-A3B4dis4þICTMK by Gly (dis1þGFP-A3B4dis4þGCTMK, Figure 1T ) completely abolished sorting to the PSV ( Figure 6C) . Therefore, the sequence downstream of disordered region 4 of A3B4 contains a VSD reminiscent of an ssVSD. The replacement of the Ile residue in the sequence ICTMK of A3B4GFP by Gly (A3B4GFP/I326G, Figure 1X ) did not affect the sorting of A3B4GFP to PSVs at all ( Figure 6D ), suggesting that another VSD exists, possibly similar to the third VSD of A1aB1b.
Vacuolar Sorting of A1aB1b Is Brefeldin A-and Wortmannin-Sensitive
Drugs such as brefeldin A (BFA) and wortmannin have been used to analyze trafficking mechanisms along the secretory pathway (Brown et al., 2003) . First, we examined the effect of BFA, which induces an ER/Golgi apparatus hybrid organelle in tobacco BY2 cultured cells (Ritzenthaler et al., 2002) , on the sorting of dis1þGFP-CT10 and A1aB1bGFP/I297G. Previously, Arabidopsis b1,2-xylosyltransferase (Pagny et al., 2003) and rat sialyltransferase (Boevink et al., 1998) fused to fluorescent proteins were used as markers for the Golgi apparatus in tobacco BY2 cultured cells and/or leaf epidermal cells. Thus, to confirm the Golgi apparatus localization of these fusions in soybean cotyledons, we examined the localization of Arabidopsis b1,2-xylosyltransferase fused to mRFP (Xyl:mRFP) and rat sialyltransferase fused to GFP (ST:GFP). As expected, both showed spindle-like structures, which likely correspond to the Golgi apparatus, and completely overlapped each other ( Figure 7A ). Thus, we used Xyl:mRFP as a Golgi apparatus marker in further experiments. dis1þGFP-CT10 and Xyl:mRFP were located in PSVs and spindle-like structures, respectively, in maturing soybean cotyledon cells cultured in medium without BFA ( Figure 7B ). However, in the presence of BFA, Xyl:mRFP showed a reticular pattern consistent with the redistribution of Golgi protein to the ER upon treatment with BFA, as reported previously (Ritzenthaler et al., 2002) (Figure 7C ). However, unlike Xyl:mRFP, dis1þGFP-CT10 accumulated in globular structures and colocalized with an ER marker, mRFP-HDEL ( Figure 7E ). In the absence of BFA, mRFP-HDEL showed a characteristic ER reticular pattern ( Figure 7D ). A1aB1bGFP/I297G exhibited patterns similar to those of dis1þGFP-CT10 ( Figures 8A to 8D ). These results imply that BFA induces a redistribution of Golgi proteins to a reticular ERlike structure in maturing soybean cotyledon cells, as reported previously in tobacco BY2 cells (Ritzenthaler et al., 2002) . Furthermore, BFA treatment causes some ER residents to condense into globular structures in which both PSV and secreted proteins were localized, perhaps corresponding to an exaggerated subdomain in the ER/Golgi apparatus hybrid organelle.
Next, we examined the effect of wortmannin, a phosphatidylinositol 3-kinase and phosphatidylinositol 4-kinase inhibitor. Preliminary experiments demonstrated that dis1þGFP-CT10 accumulated in punctate structures of various sizes inside maturing cotyledon cells treated with wortmannin. It was reported previously that the pea vacuolar sorting receptor (VSR) colocalizes with the endogenous tobacco VSR when the heterologous reporter was expressed in tobacco suspension culture cells and that this organelle corresponds to the prevacuolar compartment (Jiang and Rogers, 1998; Tse et al., 2004) . Thus, to examine the punctate structures containing dis1þGFP-CT10 formed by wortmannin treatment, we used mRFP fused to Arabidopsis VSR1 (mRFP:VSR) and Xyl:mRFP as a prevacuolar compartment marker and a Golgi apparatus marker, respectively. We confirmed that mRFP:VSR was detected in punctate structures and was not (A) A1aB1bGFP and A1aB1bGFP/I297G expressed in E. coli were subjected to Sephacryl S-300 HR column chromatography. Beginning at 60 min, fractions were collected every 5 min and were analyzed by immunoblotting with anti-glycinin antibody. (B) Excitation and emission spectra of fractions containing A1aB1bGFP (solid line) and A1aB1bGFP/I297G (dotted line) were measured by an F-3000 fluorescence spectrophotometer (Hitachi).
colocalized with Arabidopsis b1,2-xylosyltransferase fused to yellow fluorescent protein (Xyl:YFP; a Golgi apparatus marker) in maturing soybean cotyledon cells in either the absence or the presence of wortmannin ( Figures 9A and 9B ). When mRFP:VSR and dis1þGFP-CT10 were coexpressed in the presence of wortmannin, ;80% of puncta ( Figure 9D , arrowheads) containing dis1þGFP-CT10 were colocalized with mRFP:VSR. On the other hand, when Xyl:mRFP and dis1þGFP-CT10 were coexpressed, only ;10% of the puncta ( Figure 9E , arrowheads) containing dis1þGFP-CT10 were colocalized with Xyl:mRFP. A1aB1bGFP/ I297G exhibited patterns similar to those of dis1þGFP-CT10 ( Figures 10A to 10C ). Thus, we interpret these patterns as evidence that the sorting of dis1þGFP-CT10 and A1aB1bGFP/I297G to the PSV and the ICS was blocked at several steps between the Golgi apparatus and the PSV and that both of these proteins accumulate predominantly in a prevacuolar compartment in the presence of wortmannin.
Vacuolar Sorting of A1aB1b Requires the SAR1/ARF1 Pathway
Recently, dominant negative mutants of small GTPases such as SAR/ARF/RAB have been used to analyze membrane traffic in plant cells (Takeuchi et al., 2000 (Takeuchi et al., , 2002 Pimpl et al., 2003) . We confirmed that mRNAs of SAR1 and ARF1 are synthesized in maturing Arabidopsis seed cells by RT-PCR (data not shown). To examine the effects of Arabidopsis sar1 and arf1 dominant negative mutants (sar1[H74L] and arf1[Q71L]), plasmids encoding dominant negative mutants and dis1þGFP-CT10 or A1aB1bGFP/ I297G were transiently coexpressed in maturing soybean cotyledon cells. We observed no effect of the coexpression of wild-type SAR1 or ARF1 on vacuolar sorting ( Figures 11A, 11C, 12A , and 12C). However, upon coexpression of sar1[H74L], dis1þGFP-CT10 and A1aB1bGFP/I297G displayed a punctal and reticular pattern in all cells, indicating that vacuolar sorting was clearly inhibited (Figures 11B and 12B) . Furthermore, arf1[Q71L] exhibited similar effects ( Figures 11D and 12D) . These results indicate that our transient expression assay can be applied to analyze the effect of dominant negative mutants of small GTPases and that SAR1 and ARF1 are involved in the vacuolar sorting of A1aB1b to the PSV in soybean cotyledon cells.
DISCUSSION

Characteristics of Sorting Determinants of 11S Globulins
Both castor bean 2S albumin and ricin contain an ssVSD within their pro-regions (Brown et al., 2003) . Phaseolin, a common bean 7S globulin, has a VSD within the C-terminal four amino acids, AFVY (Frigerio et al., 1998) . Transgenic plant leaves and/or protoplasts were used to identify and characterize these VSDs. Recently, we analyzed stably transformed Arabidopsis seeds and maturing soybean cotyledon cells transiently expressing b-conglycinin a9 and b subunits and showed that their VSDs are located within their C-terminal regions (Nishizawa et al., 2003 . Here, we used a transient expression assay system using soybean glycinin-null lines and demonstrated that the C-terminal region of the soybean 11S globulin A1aB1b subunit can function as a ctVSD in maturing soybean cotyledon cells. We blocked the function of the ctVSD by fusing mGFP to the C terminus of A1aB1b, but 50 to 70% of the A1aB1b fused to mGFP (A1aB1bGFP) was still sorted to PSV ( Figure 2E ). We systematically examined potential surface-located residues that might function as ssVSDs. We found one critical Ile residue downstream of disordered region 4 that appears to function as an ssVSD. Next, we examined whether replacement of this critical Ile residue with Gly in A1aB1bGFP (A1aB1bGFP/I297G) affects PSV sorting and observed fluorescence in both the PSV and the ICS, similar to the case with A1aB1bGFP ( Figure 4F ). Thus, we concluded that the contribution of an ssVSD to the vacuolar sorting of A1aB1b is low and that A1aB1b likely possesses another VSD, such as a psVSD. Interestingly, the C-terminal region of A3B4 is nine amino acids shorter than those of the group I subunits and that of A5A4B3, another group II subunit. The fusion of mGFP to the C terminus of A3B4 and the mutation of the Ile residue downstream of disordered region 4 to Gly did not block the vacuolar sorting at all, implying that A3B4 also has an additional psVSD similar to that of A1aB1b.
VSRs belong to one gene family encoding a type I membranespanning protein (Kirsch et al., 1994; Ahmed et al., 1997; Miller et al., 1999; Cao et al., 2000) . The pea VSR, BP80, was initially purified from plant clathrin-coated vesicles. BP80 can bind to an ssVSD at pH 6.0 to 7.0 and releases it at pH 4.0 in vitro (Kirsch et al., 1994 (Kirsch et al., , 1996 Cao et al., 2000) . Shimada et al. (2003) reported that 12S globulin and 2S albumin accumulate in the ICS in addition to the PSV in seeds of an Arabidopsis VSR1 (BP80 homolog) knockout mutant. The expression of the lumenal domain of a pumpkin (Cucurbita maxima) BP80 homolog fused to an ER retention signal, HDEL, in transgenic Arabidopsis plants prevents lytic vacuolar sorting of molecules containing an ssVSD (Watanabe et al., 2004) . These results suggest that the BP80 gene family is involved in targeting to both the lytic vacuoles and the PSVs. However, another receptor for the ctVSD might exist, because BP80 has much greater affinity for the ssVSD than for the ctVSD (K d of 37 nM for the ssVSD and 100 mM for the ctVSD) (Kirsch et al., 1994) . It was recently proposed that the Arabidopsis receptor homology region transmembrane domain ring H2 motif protein (RMR1) functions as a sorting receptor for phaseolin, a common bean 7S globulin, which contains a ctVSD that mediates trafficking to the vacuole in Arabidopsis leaf protoplast (Park et al., 2005) . Therefore, RMR1 homologs can be considered candidates for the ctVSD receptor of glycinin. In this study, inhibition of the function of the ctVSD of A1aB1b caused the partial secretion of A1aB1b to the ICS ( Figure 2E ). The ctVSD may direct A1aB1b to the PSV through an interaction with RMR1 and/or a VSR1 homolog. Additional sorting seems to be conferred by a psVSD, because the contribution of the ssVSD appears to be low. Because the precursor polypeptides of pea legumin cannot be released from membranes efficiently even after washing with chaotropic salts (Hinz et al., 1997) , an unidentified receptor for the psVSD may recognize a hydrophobic patch of the molecular surface on A1aB1b and A3B4. Further studies are necessary to elucidate the receptor for the psVSD.
Although dis1þGFP-CT10, mRFP:chitinase, and GFP:lectin were sorted to the PSV completely, dis1þGFP and dis1þGFP-CT10þGly were detected in a reticular structure reminiscent of the ER in addition to the ICS (Figures 2A to 2D ). These results suggest that the ER exit rate of the secreted protein is slower than that of proteins sorted to the PSV. Lytic vacuolar sorting of a protein containing an ssVSD is prevented, and instead the protein is retained in the ER when coexpressed with the lumenal domain of a pumpkin BP80 homolog fused to an ER retention signal, HDEL (Watanabe et al., 2004) . Furthermore, the pumpkin BP80 homolog can bind the internal propeptide of pumpkin 2S albumin (the ligand peptide) in the presence of Ca 2þ (1 mM) across a wide pH range (pH 4.0, 5.5, and 7.0) (Watanabe et al., 2002) . The Ca 2þ concentration in the ER of plants is assumed to be ;1 mM (Reddy and Reddy, 2004) . Thus, interaction between the VSD of seed storage proteins and the receptor might occur in the ER, and this might affect the ER exit rate.
Sorting Mechanism of 11S Globulin to PSV
Recently, many researchers have investigated the sorting mechanism to the lytic vacuole in Arabidopsis protoplasts (Takeuchi et al., 2000 (Takeuchi et al., , 2002 Phillipson et al., 2001; Tormakangas et al., 2001; Pimpl et al., 2003; DaSilva et al., 2005) . On the other hand, little is known about the sorting mechanism to the PSV, because techniques for investigating PSV sorting mechanisms have been limited. In our study, we used a transient system in maturing soybean cotyledon cells lacking glycinin and showed that the PSV sorting of both dis1þGFP-CT10 with a ctVSD and A1aB1bGFP/ I297G with a psVSD was blocked by the coexpression of Arabidopsis sar1/arf1 dominant negative mutants ( Figure 13A ) or by treatment with either BFA ( Figure 13B ) or wortmannin ( Figure 13C ).
COPII vesicles are involved in the trafficking of both dis1þGFP-CT10 and A1aB1bGFP/I297G in maturing cotyledon cells ( Figure 13A ), because an Arabidopsis sar1 dominant negative mutant blocked both PSV sorting and secretion to the ICS completely ( Figures 11B and 12B) . The coexpression of the arf1 dominant negative mutant also inhibited PSV sorting ( Figures  11D and 12D ). This might imply that proteins that cycle between the ER and the Golgi apparatus (e.g., cargo receptors) would be rapidly depleted on ARF1 inactivation, and this would impair the vacuolar sorting of both dis1þGFP-CT10 and A1aB1bGFP/ I297G, because ARF1 is involved in retrograde transport from the Golgi apparatus to the ER via COPI vesicles. ARF1 has also been proposed to influence clathrin-coated vesicle formation via the recruitment of adaptor complexes to the trans-Golgi network (Stamnes and Rothman, 1993) . Furthermore, the cytosolic domains of VSR1 proteins possess Tyr-based sorting motifs that can interact with mA-adaptin, which is part of an AP-1 clathrin coat adaptor protein complex (Happel et al., 2004; Robinson et al., 2005) . Thus, the coexpression of the arf1 dominant negative mutant likely also inhibits the formation of clathrincoated vesicles and the intracellular trafficking of VSR1. On the other hand, it has been observed that clathrin-coated vesicles attach to dense vesicles, which carry seed storage proteins to the prevacuolar compartment destined for the PSV, at the surface of the trans-Golgi network, in pea cotyledon storage parenchymal cells (Hohl et al., 1996) . Therefore, coexpression of the arf1 dominant negative mutant might additionally cause defects in dense vesicle formation.
Many seed storage proteins are targeted to the PSV via the Golgi apparatus (Lord, 1985; Sturm et al., 1988; Hohl et al., 1996; Hillmer et al., 2001 ). However, precursor-accumulating vesicles that bud from the ER and bypass the Golgi apparatus (ERderived vesicles; diameter, 300 to 500 nm) have also been identified in maturing pumpkin and castor bean endosperms (Hara-Nishimura et al., 1998) . A direct role for COPII components in the ER export of large transport carriers has been suggested by hereditary mutations that show that an isoform of SAR1 is required for the efficient transport of chylomicron particles in intestinal cells (Jones et al., 2003; Lee et al., 2004; Fromme and Schekman, 2005) . Therefore, COPII components may also play a role in the formation of large ER-derived vesicles/protein bodies in maturing seed cells. We have demonstrated here that COPII components are involved in the PSV sorting of A1aB1bGFP/ Figures 12B and 13A ). Soybean seeds lacking 11S globulin such as those used in this study have few ER-derived vesicles/protein bodies during maturing stages, whereas these structures are observed at high frequency in maturing soybean cotyledons containing large amounts of the group I subunits (A1aB1b, A1bB2, and A2B1a) (Mori et al., 2004) . These results suggest that a large number of group I subunits is necessary for the formation of ER-derived vesicles/protein bodies in maturing cotyledons, but the expression level of A1aB1bGFP/I297G was probably low. Therefore, we consider it unlikely that A1aB1bGFP/ I297G was transported via large ER-derived vesicles/protein bodies, and we assume that most of the A1aB1bGFP/I297G was transported from the ER to the Golgi apparatus by normal COPII vesicles in our transient assay.
I297G (
BFA induces an ER/Golgi apparatus hybrid organelle in maturing soybean cotyledon cells (Figures 7, 8 , and 13B), as reported previously in tobacco BY2 cells (Ritzenthaler et al., 2002) . The fluorescence of dis1þGFP-CT10 ( Figure 7C ) and A1aB1bGFP/I297G ( Figure 8B ) was detected in globular structures within cells in the presence of BFA. These structures do not correspond to the PSV, and they are larger than the prevacuolar compartment. These globular compartments also contain the ER resident marker GFP:HDEL, implying that soluble cargo proteins such as dis1þGFP-CT10 and A1aB1bGFP/I297G accumulate in an exaggerated subdomain in the ER/Golgi apparatus hybrid organelle in the presence of BFA ( Figure 13B ).
It has been reported that vacuolar reporter proteins with a ctVSD are secreted into the medium upon treatment with wortmannin in tobacco BY2 cells (Matsuoka et al., 1995) . It was recently reported that wortmannin may block the retrograde pathway from the prevacuolar compartment to the trans-Golgi network, thereby causing the vacuolar reporter to be secreted to the medium in Arabidopsis protoplasts (DaSilva et al., 2005) . In our study, wortmannin did not cause the secretion of dis1þGFP-CT10 or A1aB1bGFP/I297G into the ICS; instead, these proteins accumulated in punctate compartments (Figures 9 and 10 ). The sorting of dis1þGFP-CT10 and A1aB1bGFP/I297G to the PSV and the ICS was blocked at several steps between the Golgi apparatus and the PSV, and both of these proteins accumulated predominantly in a prevacuolar compartment ( Figure 13C ). Therefore, wortmannin might inhibit a different step in ctVSDand psVSD-dependent trafficking to the PSV than it does in ssVSD-dependent trafficking to the central vacuole. In mammalian cells, some of the effectors for RAB GTPases have Fab1/ YOTB/Vac1/EEA1 (FYVE) domains, which can bind phosphatidylinositol 3-phosphate (Burd and Emr, 1998) . Because wortmannin inhibits the activity of phosphatidylinositol 3-and 4-kinases, we propose that RAB GTPases are involved in the trafficking of seed storage proteins from the Golgi apparatus to the PSVs in plant seed cells and that lipid modification is important in this process ( Figure 13C ).
Transient Expression Assay System in Maturing Cotyledon Cells
The VSDs of phaseolin, 2S albumin, and ricin were investigated in protoplasts and transgenic plant leaves. Such systems are very useful, because protoplasts can be used for transient expression, for pulse-chase experiments, and for analyses of the effects of drugs such as wortmannin and BFA. Although the ctVSDdependent pathway exists in leaf protoplasts, the vacuoles of protoplasts have largely been defined as lytic or central vacuoles. Therefore, we developed a similar transient expression system using maturing seeds to characterize the VSD required for PSV deposition (Nishizawa et al., 2003 . Our system was also useful for examining the effects of the coexpression of dominant negative mutants and the effects of various drugs on vacuolar protein sorting. Furthermore, this system can be applied to the analysis of trafficking mechanisms in thick tissues such as stems as well as in maturing seeds. Thus, this system is a useful approach for elucidating the differences in trafficking mechanisms between plant species and between types of tissues, in addition to characterizing VSDs in maturing seed cells. (A) Cargo proteins with a ctVSD (dis1þGFP-CT10) or a psVSD (A1aB1bGFP/I297G) are carried by COPII vesicles from the ER to the Golgi apparatus under normal physiological conditions. (B) Cargo proteins with a ctVSD or a psVSD accumulate in globular structures in the ER/Golgi hybrid organelle in the presence of BFA. (C) The trafficking of cargo proteins with a ctVSD or a psVSD is blocked at several steps between the Golgi apparatus and the PSV by wortmannin treatment. These proteins accumulate predominantly in a prevacuolar compartment after wortmannin treatment.
METHODS
Plasmid Construction for Transient Expression Assays
Constructs used in this work are shown in Figure 1 (not to scale). All constructs contain the promoter of the b-conglycinin a9 subunit (ÿ963 to ÿ1). We first constructed the A1aB1b signal peptide fused to GFP. To construct it, we used the following primers, 59-AAAACAAAGG-GAAAAAACTAGCTTGGCCATAGTATATCTTAAATTCTTTAATACGGTG-39 (the italic and underlined letters correspond to half of the signal peptide of A1aB1b and the 39 terminal region of the a9 subunit promoter, respectively) and 59-CTGCTTTTCAGTGGCTGCTGCTTCGCTGTGAG-CAAGGGCGAGGAGCTGTTCACC-39 (the italic and underlined letters correspond to half of the signal peptide of A1aB1b and the 59 terminal region of the GFP coding sequence, respectively). This DNA fragment was amplified by PCR using pBSspmGFP (Nishizawa et al., 2003) (the a9 subunit promoter, GFP fused to four contiguous Gly residues at its C terminus, and the nopaline synthase [nos] terminator were inserted into pBluescript SKÿ) as a template. The amplified fragment was self-ligated to construct pBSA1aB1bspmGFP. Furthermore, to construct dis1þGFP, we used two primers, 59-TTGCTGAGGCTGCTCTCTGGAACTGAAAGC-GAAGCAGCAGCCACTGAAAAGCAGAAAACAAAGGGAAAA-39 (the italic and underlined letters indicate disordered region 1 and the signal peptide of A1aB1b, respectively) and 59-GTGAGCAAGGGCGAGGAGCTGTTC-39 (corresponding to the 59 terminal region of GFP) for PCR using pBSA1aB1bspmGFP as a template. To construct dis1þGFP-CT10, we used two primers, 59-TAGGCGGCCGCCCGGCTGCAGATCGTT-39 (the stop codon is indicated by boldface letters) and 59-AGC-CACAGCTCTCTTCTGAGACTCCTGAGGTCCTCCTCCTCCCTTGTACA-GCTCGTCCATGCCGTGAGT-39 (the italic and underlined letters indicate A1aB1b C-terminal 10 amino acids and the 39 terminal region of GFP, respectively). The amplified fragment was self-ligated.
Next, to construct dis1þGFP-CT10þGly, dis1þGFP-dis2, dis1þGFP-ext dis3, dis1þGFP-SVIKP, dis1þGFP-NALKP, dis1þGFP-DNRIESE, dis1þGFP-TNSLENQLDQ, dis1þGFP-TLE, dis1þGFP-QTSSPDIYNPQ, dis1þGFP-TSLD, dis1þGFP-LNGR, and dis1þGFP-DTPMI, we used dis1þGFP-CT10 as a template and the primer 59-GGAGGAGGAGGAG-GAGGATAGGCGGCCGCCCGGCTGCAGATCGTT-39 (the underlined and boldface letters indicate the sequences for six contiguous Gly residues and the stop codon, respectively) with the specific primers 59-AGCCACAGCTCTCTTCTGAGACTCCTGAGGTCCTCCTCCTCCCTT-GTACAGCTCGTCCATGCCGTGAGT-39 for dis1þGFP-CT10þGly, 59-TTGTGGTCTGCTGCTTTGTCCTCTTTGTTGAGGTTGTTGAGGCTCT-TCAAATCCTCCTCCTCCCTTGTACAGCTCGTCCATGCCGTGAGT-39 for dis1þGFP-dis2, 59-TTCGTTTTCTTCTTCTTGCTGATGCTTTCCTTTCTG-GCTTTGATGACCTCCTTGCTCTTGCTGATATTTTAGAAACTCTTGCTC-TTGGTTCCCTCCTCCTCCTCCCTTGTACAGCTCGTCCATGCCGTGAGT-39 for dis1þGFP-ext dis3, 59-TGGTTTTATCACGCTTCCTCCTCCTCC-CTTGTACAGCTCGTCCATGCCGTGAGT-39 for dis1þGFP-SVIKP, 59-CGGTTTGAGGGCATTTCCTCCTCCTCCCTTGTACAGCTCGTCCAT-GCCGTGAGT-39 for dis1þGFP-NALKP, 59-TTCTGACTCTATACGGTT-ATCTCCTCCTCCTCCCTTGTACAGCTCGTCCATGCCGTGAGT-39 for dis1þGFP-DNRIESE, 59-CTGGTCGAGCTGGTTCTCCAAGCTGTTGGT-TCCTCCTCCTCCCTTGTACAGCTCGTCCATGCCGTGAGT-39 for dis1þGFP-TNSLENQLDQ, 59-TTCCAGGGTTCCTCCTCCTCCCTTGTA-CAGCTCGTCCATGCCGTGAGT-39 dis1þGFP-TLE, 59-TTGAGGGTTG-TAGATGTCAGGTGATGAAGTCTGTCCTCCTCCTCCCTTGTACAGCTCG-TCCATGCCGTGAGT-39 for dis1þGFP-QTSSPDIYNPQ, 59-GTCAAGG-CTGGTTCCTCCTCCTCCCTTGTACAGCTCGTCCATGCCGTGAGT-39 for dis1þGFP-TSLD, 59-CCGTCCATTCAATCCTCCTCCTCCCTTGTACAG-CTCGTCCATGCCGTGAGT-39 for dis1þGFP-LNGR, and 59-GAT-CATGGGTGTATCTCCTCCTCCTCCCTTGTACAGCTCGTCCATGCCG-TGAGT-39 for dis1þGFP-DTPMI (the underlined and italic letters indicate the 39 terminal region of GFP and the specific region, respectively). The amplified fragments were self-ligated.
To construct dis1þGFP-dis4, dis1þGFP-ext dis4, dis1þGFP-dis4þICTMR, and dis1þGFP-A3B4dis4þICTMK, we amplified a DNA fragment for the a9 subunit promoter, the signal peptide and disordered region 1 of A1aB1b, the GFP coding region fused to four Gly residues, and the nos terminator using dis1þGFP as a template and the following primers: 59-TCCTCCTCCTCCCTTGTACAGCTCGTCCAT-39 (the underlined and italic letters indicate the sequences for the four Gly residues and the C-terminal region of GFP, respectively) and 59-GGAGGAGGAGGAG-GAGGATAGGCGGCCGCCCGGCTGCAGATCGTT-39 (the boldface and underlined letters indicate the stop codon and the 59 terminal region of the nos terminator with the NotI site, respectively). To amplify disordered region 4 and its extended version, we used the following primers: 59-CCCACGGACGAGCAGCAACAAAGAC-39 and 59-GGTCTCGTCAAT-GCCATTTCTTCTT-39 for dis1þGFP-dis4, 59-AGCGTGATAAAACCACC-CACGGACGAGCAG-39 and 59-AAGTCTCATGGTGCATATGGTCTCGT-CAATGCC-39 for dis1þGFP-ext dis4, and 59-CCCACGGACGAGCAG-CAACAAAGACCCCAGGAAGAG-39 and 59-TCTCATGGTGCATATGGT-CTCGTCAATGCC-39 for dis1þGFP-dis4þICTMR. To amplify disordered region 4 with ICTMK of A3B4, we used the following primers: 59-AAGTGGCAAGAACAAGAAGACGAAGACGAA-39 and 59-CTTCATG-GTGCAAATATTTTCCTCAACCCC-39. The fragment corresponding to disordered region 4 or its extended version was ligated to the DNA fragment for the a9 subunit promoter, the signal peptide and disordered region 1 of A1aB1b, the GFP coding region, and the nos terminator. To construct dis1þGFP-dis4þGCTMR, we used dis1þGFP-dis4þICTMR as a template and the following primers: 59-ATTTCTTCTGCTTTTGCTT-TGGCTTCCTCG-39 and 59-GGCATTGACGAGACCGGATGCACCATG-AGA-39 (the boldface letters indicate the mutation site). To construct dis1þGFP-A3B4dis4þGCTMK, the following primers were used: 59-ATTTCTAGTCTGACATCCTCT-39 and 59-GGGGTTGAGGAAAATATT-GGCACCATGAAG-39 (the boldface letters indicate the mutation site). The amplified fragments were self-ligated.
To construct A1aB1bGFP and A3B4GFP, we first amplified the DNA fragments for the a9 subunit promoter and the A1aB1b and A3B4 coding regions by PCR using the following pairs of primers: 59-CGG-GGATCCGTTTTCAAATTTGAATTTTAATGTGTGTTGTAAG-39 (the boldface letters indicate the BamHI site) and 59-AGTATATCTTAAATTCTTT-AATAC-39 for the a9 subunit promoter, 59-ATGGCCAAGCTTGTTTTTTC-CCTTT-39 and 59-AAGGAAAAAAGCGGCCGCCTAAGCCACAGCTCTC-TTCTGAGACTCC-39 for the A1aB1b coding region (the boldface letters indicate the NotI site), and 59-ATGGGGAAGCCCTTCTTCACTCTCTC-39 and 59-AAGGAAAAAAGCGGCCGCTTATGGGTTGACCAAAGGGCCGGAGT-TTC-39 for the A3B4 coding region (the boldface letters indicate the NotI site). The PCR products were digested by BamHI or NotI. The resultant DNA fragments (the a9 promoter plus the A1aB1b coding region or the a9 promoter plus the A3B4 coding region) were inserted into the BamHI and NotI sites of pUC18 containing the nos terminator. Next, we inserted GFP at the C terminus of the coding region of A1aB1b or A3B4. The following pairs of primers were used to amplify the a9 promoter and the A1aB1b coding region inserted into pUC18 with the nos terminator: 59-TAG-GCGGCCGCCCGGCTGCAGATCGTTC-39 (the boldface letters indicate the stop codon) and 59-AGCCACAGCTCTCTTCTGAGACTCC-39 corresponded to the C-terminal region of A1aB1b for A1aB1bGFP and 59-TAGGCGGCCGCCCGGCTGCAGATCGTTC-39 (the boldface letters indicate the stop codon) and 59-TGGGTTGACCAAAGGGCCGGAGT-TTC-39 for A3B4GFP. The GFP coding region was amplified by PCR using the following primers: 59-GTGAGCAAGGGCGAGGAGCTGTTCA-39 and 59-CTTGTACAGCTCGTCCATGCCGT-39. The PCR product for the GFP coding region was ligated to construct the plasmid for A1aB1bGFP or A3B4GFP. The direction of the inserted fragment was checked by PCR. To construct A1aB1bGFP/I297G, the fragment was amplified by the following primers: 59-ATTTCTTCTGCTTTTGCTTTGGCTTCCTCG-39 and 59-GGCATTGACGAGACCGGATGCACCATGAGA-39 (the boldface letters indicate the mutation site). To construct A3B4GFP/I326G, the fragment was amplified by the following primers: 59-CTCAACCCCAT-TTCTAGTCTGACATCCTCTTCCACGTGG-39 and 59-GAAAATATTGG-CACCATGAAGCTTCACGAG-39 (the boldface letters indicate the mutation site). The sequences of the promoter and the coding regions were confirmed by ABI Prism 310 and ABI 3100 avant DNA analyzers (Applied Biosystems).
Plasmid Construction for Markers on the Transient Assay
We constructed the expression plasmids for GFP fused to the barley (Hordeum vulgare) lectin C-terminal propeptide (GFP:lectin), mRFP fused to the chitinase C-terminal propeptide (mRFP:chitinase), mRFP fused to the ER retention signal (mRFP:HDEL), mRFP fused to the Arabidopsis thaliana b-1,2-xylosyltransferase transmembrane and cytosolic domains (Xyl:mRFP), GFP fused to rat sialyltransferase cytosolic and transmembrane domains (ST:GFP), and Arabidopsis VSR1 transmembrane and cytosolic domains fused to mRFP (mRFP:VSR). To generate the construct for GFP:lectin, we amplified the DNA fragment using two primers (59-CAACTCCACTCTTGTCGCAGAATGAGCGGCCGCCCGGCTGCAG-ATCGTTCAAAC-39 and 59-GCGGCGATGGCCTCGGCGAAGACTCCT-CCTCCTCCTCCCTTGTACAGCTCGTCCATGCCGTGAGTGAT-39; the underlined letters correspond to the sequences for the lectin C-terminal propeptide). To construct the plasmid for ST:GFP, we sequentially amplified DNA fragments using four different primer combinations: (1) 59-GAACTTTTTCTTCAAGTTGGTATGAATCATAGTATATCTTAAATTCT-TTAATACGGTGTA-39 and 59-CAGATGCCCAAGAGCCAGGAGAAAG-TGGCCGTGAGCAAGGGCGAGGAGCTGTTCACCGGG-39; (2) 59-GAA-CAGGAGAAAGACCAGGATGAAGAGGCTGAACTTTTTCTTCAAGTTG-GTATGAATCAT-39 and 59-GAGGCCCTTACACTGCAAGCCAAGGAAT-TCCAGATGCCCAAGAGCCAGGAGAAAGTGGCC-39; (3) 59-CCAAACA-CAGATGACTGCGAACAGGAGAAAGACCAGGATGAAGAGGCT-39 and 59-AAGAAAGGGAGCGACTATGAGGCCCTTACACTGCAAGCCAAGGAA-TTC-39; and (4) 59-CAAGCCAAGGAATTCCAGATGCCCAAGAGC-39 and 59-CAGTGTAAGGGCCTCATAGTCGCTCCCTTTC-39. The resultant amplified fragments were self-ligated. This plasmid contains the sequence for the N-terminal 52 amino acids of the rat sialyltransferase.
To generate the plasmids for mRFP:chitinase and mRFP:HDEL, we first constructed the plasmid containing the sequences corresponding to the promoter and signal peptide of b-conglycinin a9, the mRFP coding region, six Gly residues, and the nos terminator (pBSpro-sp-mRFP-nos). To generate the plasmid for mRFP:HDEL, we amplified the DNA fragment using the two primers 59-GAGTTCGTCGTGCCTCCTCCTCCTCCTC-CGGCGCCGGTGGAGTGGCGGCCCTCGGCGCG-39 and 59-TAGGG-CGGCCGCCCGGCTGCACGTTCAAAC-39 and pBSpro-sp-mRFP-nos as a template. On the other hand, to generate the plasmid for mRFP: chitinase, we used the two primers 59-AAGAAGACCTCCTCCTCCTC-CCTTGTACAGCTCGTCCATGCC-39 and 59-GTCGATACAATGTGAG-CGGCCCGGCTGCAGATCGTTCAAAC-39. The plasmids for mRFP:HDEL and mRFP:chitinase contain the sequences for the C-terminal propeptide (GLLVDTM) of tobacco (Nicotiana tabacum) chitinase and the ER retention signal (HDEL), respectively. To generate the plasmid for Xyl:mRFP, the annealed DNA fragment corresponding to the N-terminal 35 amino acids of Arabidopsis b1,2-xylosyltransferase (59-ATGAGTAAACGGAATCCGA-AGATTCTGAAGATTTTTCTGTATATGTTACTTCTCAACTCTCTCTTTCTC-ATCTACTTCGTTTTTCACTCATCGTCGTTTTCA-39 and 59-TGAAAACGA-CGATGAGTGAAAAAACGAAGTAGATGATGAGAAAGAGAGAGTTGAGA-AGTAACATATACAGAAAAATCTTCAGAATCTTCGGATTCCGTTTACT-CAT-39) was inserted between the promoter of b-conglycinin a9 promoter and mRFP in pBSpro-sp-mRFP-nos. To generate mRFP:VSR, we amplified the DNA fragment using the primers 59-ACTTGCATAGGTTCAGG-CAAAGTTGGAACC-39 and 59-TTTTCCTTTTGCGGCCGCTCATATATC-CATATGGTGACCACTTGTGTT-39 and the cDNA of Arabidopsis VSR1 (RIKEN Bioresource Center; identification code pda04573) as a template. Amplified fragment digested by NotI was inserted between the mRFP coding region and the nos terminator in pBSpro-sp-mRFP-nos. The resultant plasmid contains the sequence corresponding to the C-terminal 72 amino acids of VSR1.
Sequences of the promoter and coding regions were confirmed by ABI Prism 310 and ABI 3100 avant DNA analyzers (Applied Biosystems).
Plasmid Construction for Dominant Negative Mutants of Arabidopsis SAR1 and ARF1
The DNA for SAR1 and ARF1 subcloned by PCR from an Arabidopsis mRNA (Seki et al., 1998 (Seki et al., , 2002 was from the RIKEN Bioresource Center (identification codes pda06812 and pda07393). The coding regions of SAR1 and ARF1 were amplified by the following primers: 59-ATG-TTCTTGTTCGATTGGTTCTAC-39 and 59-TTTTCCTTTTGCGCCCGC-TTAGTTGATGTACTGAGAGAGCC-39 for SAR1 and 59-ATGGGGTTGT-CATTCGGAAAGTTG-39 and 59-TTTTCCTTTTGCGGCCGCCTATGC-CTTGCTTGCGATGTTGTTG-39 for ARF1 (the boldface letters indicate the NotI site). The plasmids containing the a9 promoter and the nos terminator were amplified by the following primers: 59-AGTATATCT-TAAATTCTTTAATAC-39 and 59-TTTTCCTTTTTAGGCGGCCGCCTGCA-GATCGTTCAAACATTTGG-39, respectively (the boldface letters indicate the NotI site). To construct plasmids to express SAR1 and ARF1, the DNA fragments for SAR1 and ARF1 coding regions were digested by NotI and ligated with the plasmid containing the a9 promoter and the nos terminator. To construct the dominant negative mutants of SAR1 and ARF1 
Transient Expression Assay in Soybean Seed Cells
Maturing soybean (Glycine max) cotyledons were taken out of their pods and immersed in 70% (v/v) ethanol to sterilize their surfaces. After rinsing with sterile water, they were cut into halves and placed on Murashige and Skoog agar plates. Particle bombardment was performed with Biolistic PDS-1000/He (Bio-Rad) according to the instructions of the manufacturer. Five hundred micrograms of gold microcarriers (particle size of 1.0 mm) coated with 2 to 3 mg of plasmids was used for each bombardment. To examine the dominant negative effects of SAR1 and ARF1, ;1 mg of dis1þGFP-CT10 or A1aB1bGFP/I297G was mixed with ;2 mg of the plasmids for the dominant negative mutants, and then gold microcarriers were coated with them. Each sample was bombarded twice under the following conditions: vacuum, 26 to 28 inches of Hg; target distance, 9 cm; and helium pressure, 1100 p.s.i. After the bombardment, cotyledons were placed on the B5 agar plates and incubated at 258C in the dark for 24 to 35 h. In the experiments for the drugs, wortmannin or BFA dissolved in DMSO was added to B5 medium. In control experiments, we added the same amount of DMSO as that of BFA or wortmannin to B5 medium.
Confocal Laser Scanning Microscopy
Thin sections (<1 mm) cut with razor blades from the surfaces of the soybean cotyledons that had been bombarded and incubated were placed on glass slides and covered with cover glasses. Fluorescent images were obtained using an MRC-1024 confocal laser scanning microscope (Bio-Rad). GFP was excited at a laser wavelength of 488 nm and detected through a filter for a laser wavelength of 506 to 538 nm. We checked >25 cells for each construct, and typical patterns are shown in Figures 2, 4 , 6, and 7 to 12.
Plasmid Construction for Expression in Escherichia coli
DNA fragments for the coding regions of A1aB1bGFP and A1aB1bGFP/ I297G were amplified by the following primers: 59-TTCAGTTCCAGA-GAGCAGCCTCAGC-39 and 59-TTTTCCTTTTGCGGCCGCTCAAGCCA-CAGCTCTCTTCTGAGACTCC-39 (the boldface letters indicate the NotI site). The PCR products were blunted and then digested with NotI. The resultant DNA fragments were inserted into the NcoI (filled-in) and NotI sites of pET-21d vector to construct the expression plasmids pEA1aB1bGFP and pEA1aB1bGFP/I297G.
Expression of Recombinant A1aB1b Fused to GFP and Its Derivatives
pEA1aB1bGFP and pEA1aB1bGFP/I297G were transformed into E. coli Origami(DE3) (Novagen). Cells harboring individual expression plasmids were grown to A 600 ¼ 0.6 at 378C in Luria-Bertani medium before induction of expression with 1 mM isopropyl-1-thio-b-D-galactopyranoside. After addition of isopropyl-1-thio-b-D-galactopyranoside, culture was continued for 30 to 36 h at 208C. Cells were harvested by centrifugation at 10,000g for 20 min at 48C and stored at ÿ808C. Aliquots of the cells were analyzed by SDS-PAGE using 11% (w/v) acrylamide as described previously (Maruyama et al., 1998) . Translational products were identified by immunoblotting. Frozen cells were resuspended in buffer A [35 mM sodium phosphate, pH 7.6, 0.4 M NaCl, 10 mM 2-mercaptoethanol, 1 mM EDTA, 0.1 mM (p-amidinophenyl)methanesulfonyl fluoride, and 0.02% NaN 3 ] and disrupted by sonication on ice. Insoluble materials were separated from the soluble fractions by centrifugation at 10,000g for 20 min. The supernatant was used for a self-assembly experiment.
Self-Assembly
To analyze self-assembly, extracts from E. coli expressing A1aB1bGFP or A1aB1bGFP/I297G were subjected to Sephacryl S-300 HR gel filtration chromatography (Amersham Bioscience) at a flow rate of 0.5 mL/min using buffer A as an eluent. Fractions were collected every 5 min (2.5 mL) between 60 and 160 min. Each fraction was subjected to SDS-PAGE and immunoblotting with anti-glycinin serum.
Fluorescence Spectrometry
Fluorescence intensities arising from A1aB1bGFP and A1aB1bGFP/ I297G were measured in a Hitachi F-3000 fluorescence spectrophotometer. The emission spectra were recorded from 300 to 700 nm at an excitation wavelength of 489 nm. The excitation spectra were recorded from 300 to 700 nm at an emission wavelength of 511 nm.
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